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Abstract 
Nonlinear optical response in organic semiconductors has been an attractive property for many 
practical applications. For frequency up-converter lasers, to date, conjugated polymers, 
fluorescent dyes and small organic molecules have been proposed but their performances have 
been severely limited due to the difficulty of simultaneously achieving strong nonlinear optical 
response and high performance optical gain. In this work, we show that structurally designed 
truxene-based star-shaped oligofluorenes exhibit strong structure-property relationships enabling 
enhanced nonlinear optical response with favorable optical gain performance. As the number of 
fluorene repeat units in each arm is increased from 3 to 6, these molecules demonstrate a two-
photon absorption cross-section as high as 2200 GM, which is comparable to that of linear 
conjugated polymers. Tailored truxene oligomers with six fluorene units in each arm (T6) show 
two-photon absorption pumped amplified spontaneous emission with a threshold as low as 2.43 
mJ/cm2, which is better than that of the lowest reported threshold in organic semiconductors. 
Furthermore, we show a frequency up-converted laser using the newly designed and synthesized 
star-shaped oligomer T6 with a threshold as low as 3.1 mJ/cm2, which is more than an order of 
magnitude lower than that of any conjugated polymer. Thus, these oligomers with enhanced 
nonlinear optical properties are highly attractive for bio-integrated applications such as 
photodynamic therapy and in-vivo bio-sensing. 
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Introduction 
2YHU WKH SDVW WZR GHFDGHV ʌ-conjugated organic semiconductor materials have become 
promising as optical gain media toward functional organic lasers.1±4 $PRQJ WKH ʌ-conjugated 
materials, fluorescent star-shaped oligomers stand out thanks to their well-controlled dispersity 
and high uniformity.5±7 These star-shaped oligomers offer favorable optical properties including 
high photoluminescence quantum yield in their solid-state films, where optical losses are also 
very small.8 These advantageous properties together with ease of processing have already made 
such star-shaped oligomers appealing for various photonic applications including light-emitting 
diodes and single-photon absorption pumped lasers.5,8±12  
$OVR WKH QRQOLQHDU RSWLFDO UHVSRQVH LQ ʌ-conjugated organic semiconductors attracts great 
interest in two-photon excited photoluminescence microscopy13±15, photodynamic therapy16, 
three-dimensional data storage17, microfabrication18, optical power limiting19 and frequency up-
converted lasing20±22. Previously, enhanced two-photon absorption (2PA) cross-section has been 
demonstrated in structurally engineered oligomers23±27 and molecXOHV KDYLQJ HORQJDWHG ʌ-
conjugation.28,29 Yet, frequency up-converted lasers, which have attracted increasing scientific 
and technological interest30, have not been demonstrated in fluorescent oligomers except 
dendrimers31, conjugated polymers20,21, donor-acceptor type organic molecules22,32 and various 
dyes.30  
On the other hand, star-shaped oligomers have already shown outstanding optical gain 
performance under single-photon absorption (1PA) pumping accomplishing low lasing 
thresholds with ultra-large bandwidth spectral tunability in the deep-blue spectral region. 
8,9,11,33,34 However, to date, these star-shaped oligomers have not been considered as two-photon 
absorption (2PA) pumped optical gain media, nor has their potential as frequency up-converted 
lasers.  
Among star-shaped oligomers, the truxene core based molecules have shown high performance 
in several systems, which have demonstrated low lasing thresholds.8,9 Moreover, truxenes are 
typically amorphous in nature,35 which is ideal for their use in photonic applications that demand 
high quantum yields. In this respect, truxenes are superior to other cores, such as a simple 
benzene ring. For example, the truxene T4 has a lasing threshold of 270 W/cm2,8 whereas the 
benzene analogue has a threshold of 1.2 kW/cm2. 36 
In this work, we elucidate that truxene based star-shaped oligofluorenes have a strong potential 
as a gain medium for frequency up-converted organic lasers since they provide simultaneously a 
large 2PA cross-section, substantially high photoluminescence quantum yields and large 
oscillator strengths. Truxene based star-shaped oligofluorenes have three conjugated arms, which 
consist of either three or four repeating fluorene units.5 Here, we develop a new star-shaped 
oligofluorene (T6) having six repeating fluorene units in each fluorescent arm in an effort to 
maximize the nonlinear optical response in these oligomers. This design approach results in a 
large 2PA cross-section as high as 2200 GM. Then, we investigate the amplified spontaneous 
emission (ASE) under 2PA in these star-shaped oligomers. Newly synthesized T6 oligomers 
exhibit 2PA pumped ASE performance with an ultra-low threshold of 2.5 mJ/cm2 owing to the 
enhanced 2PA cross-section that is comparable to that of conjugated polymers.20,29 Furthermore, 
we show the first frequency up-converted flexible distributed feedback (DFB) laser of star-
shaped oligomers exhibiting a threshold as low as ~3.1 mJ/cm2, which outperforms the best 
reported organic semiconductor based frequency up-converted lasers.20,21 Such NIR pumped up-
converted organic lasers will be highly attractive for bio-integrated applications such as 
photodynamic therapy or in-vivo bio-sensing. 
Materials and Methods 
Pd(PPh3)4 was prepared according to known procedure
37 and stored under nitrogen in a freezer. 
THF was purified using solvent purification system SPS ± 400 ± 5 Innovative Technology, inc. 
All other reagents and solvents were purchased from commercial suppliers and used without 
further purification unless otherwise stated. 1H and 13C NMR spectra were recorded on a Bruker 
Avance DPX400 spectrometer at 400.1 and 100.6 MHz respectively. Chemical shifts are given in 
ppm. MALDI mass spectrometry was performed on a Shimadzu Axima-CFR spectrometer. 
Thermogravimetric analysis (TGA) was conducted using a Perkin-Elmer Thermogravimetric 
Analyzer TGA7 under a constant flow of argon. Differential scanning calorimetry (DSC) was 
performed on a TAInstruments Q1000 with a RC-90 refrigerated cooling unit attached.  
Absorbance measurement was performed using CARY 100 UV-Vis spectrometer. Solution-state 
photoluminescence was measured using CARY Eclipse spectrometer. Femtosecond laser system 
consists of Spectra Physics Tsunami mode-locked seed laser and Spitfire Pro regenerative 
amplifier. We used Maya2000 (Ocean Optics) to collect the 1PA and 2PA pumped ASE and 
lasing spectra. We used Newport Z-scan kit for the nonlinear absorption measurements. 
  
Synthesis of the truxene based oligofluorene T6:  
To a degassed solution of T2Br 38  PJ  ȝPRO DQG WHWUDNLVWULSKHQ\OSKRVSKLQH-
SDOODGLXP PJȝPRO) in 10 mL of THF the boronic acid F4B 6,38 (700 mg , 509 
ȝPROZDVDGGHG IROORZHGE\%D2+2·8H22PJȝPRODQGGHLRQL]HGZDWHU 
mL). The mixture was degassed and heated to reflux for 20 hours. After cooling the mixture was 
quenched with brine and extracted with CH2Cl2. The combined extracts were dried over MgSO4. 
After evaporation of the solvent the crude product was purified on a silica gel column eluting 
with a mixture of petroleum ether : CH2Cl2 1:10 ramping to 1:5, which afforded the product as a 
yellowish solid (585 mg, 8ȝPRO 
T6, MALDI-TOF MS: m/z 6836 ((M+H)+), 6773 ((M-C6H14+Na)+), 6752 ((M-C6H13)+), 
 Anal. Calcd for C513H666: C, 90.18; H, 9.82 %. Found: C, 90.21; H, 9.63%. 
1,EDZ ? ? ? ?D,ǌ ?ɷ, CDCl3, see Figure S1): 8.53 (1H, bs), 8.10-7.50 (36H, m), 7.42-7.29 (3H, m), 3.11 (2H, 
bs), 2.65-1.75 (26H, m), 1.27-0.55 (154H, m).  
13C NMR (CDCl3 ? ɷ ?  ? ? ? D,ǌ, see Figure S2) 153.97, 151.34, 151.00, 150.54, 140.32, 140.08, 139.86, 
139.55, 125.68, 122.44, 121.06, 119.49, 119.23, 54.86, 54.69, 39.89, 31.09, 30.99, 29.20, 23.38, 22.11, 
22.07, 21.87, 13.54, 13.45. 
Results and Discussion 
The chemical structure of star-shaped oligofluorenes having varying fluorene arm lengths is 
presented in Figure 1a. Depending on the number of repeating fluorene units in each arm, these 
molecules are called T3, T4 and T6. The T3 and T4 compounds were synthesized according to 
our previous reports.6,38 The synthesis of T6 oligofluorene is presented in Scheme 1 and 
described in the experimental section (also see Figures S1 and S2). Compound T6 was found to 
be thermally stable with a decomposition temperature of 436 oC and a glass transition of 106 oC 
(Figure S3), The photoluminescence (PL) and absorbance spectra of T3, T4 and T6 oligomers in 
their dilute solutions (in toluene) are shown in Figure 1b. Figure S4 also shows the PL and 
absorbance spectra in the solid-films. Photoluminescence spectra of these materials exhibit three 
vibronic features (0-0, 0-1 and 0-2 transitions) characteristic to these oligofluorenes.10 In 
solution, the peak absorbance for T3, T4 and T6 are found at 370, 375 and 379 nm, respectively. 
As the length of the fluorene arm is increased, both photoluminescence and absorbance features 
slightly red-VKLIW7KLVLVGXHWRWKHH[WHQVLRQRIWKHʌ-conjugation in each fluorene arm.10  
We have previously reported the PL quantum yield in the solid-state films of T3 and T4 
molecules in the range of 60-86%.6,8,10,33 In the solid film of T6, we found that the 
photoluminescence quantum yield was 67% (±5%), which is comparable to that of the T3 and  
T4 molecules. Previously, we have observed a slight increase in PL quantum yield of the 
oligofluorenes with increasing arm length in T1-T4 molecules.6 
 
 
Figure 1. Molecular structure, emission and absorbance spectra of the star-shaped 
oligomers with different arm-lengths. (a) Molecular structure of the star-shaped truxene based 
oligofluorenes having varying fluorene arm length. (b) Solution-state absorbance and 
photoluminescence spectra of the T3, T4 and T6 star-shaped oligofluorenes. 
Scheme 1. Synthetic procedure for the T6 compound. 
 
Previously, various design strategies were developed to enhance the nonlinear optical response in 
organic semiconductors.29,30 These included developing molecules with central bridge units 
DFWLQJDVHOHFWURQGRQRURUDFFHSWRUEUDQFKHGPROHFXODUVWUXFWXUHVHORQJDWLRQRIʌ-conjugation 
and increasing the electronic coupling via tailoring of the molecular conformation.29 Formerly, 
increasing the number of chromophore units in porphyrin molecules was shown to enhance the 
2PA cross-section due to increased delocalization within the molecule.28,39 Additionally, 
increased radial structure of the molecules have been shown to increase the 2PA cross-section 
too.15 
We employ a similar design strategy in star-shaped oligofluorenes by increasing the length of the 
fluorene arms, from three to six fluorene units. Red-shifting of the absorption and 
photoluminescence features with increasing arm length is in accordance with our previous 
observation with truxene-based oligomers with different arm length exhibiting linear relationship 
between the red-VKLIWǻ(DQGWKHUHFLSURFDORIWKHQXPEHURIWKHEHnzene rings in the arms of 
the molecules.6 Also, this slight red-shift may suggest an H[WHQGHG ʌ-conjugation in these 
oligomers. Therefore, this is expected to enable enhanced nonlinear optical absorption. 
Previously, the linear absorption cross-section of the star-shaped oligofluorenes with increasing 
arm length were shown to exhibit up to 3-fold enhancement as compared to their linear oligomer 
counterparts owing to the branching of the molecular structure.10  
Here, we investigated the nonlinear optical absorption cross-section via the open aperture z-scan 
technique.40 The transmittance of  a Gaussian laser beam (800 nm, 120 fs, 1 kHz repetition rate 
and 3.8 µJ per pulse energy) was measured through a 1 mm quartz cuvette containing the 
oligomer solution (10 mM in toluene) as the sample was translated through the focal plane of the 
laser beam (total length of 40 cm). Simultaneously, we monitored the excitation beam intensity 
during the course of the z-scan measurement using a beam splitter. The transmittance of the laser 
as a function of the position of the sample on the translational stage is shown in Figure 2 together 
with the transmittance of only toluene, in which there is no discernible change in the 
transmittance signal under the same excitation intensity level. This indicates that the change 
observed in the transmittance signal is only due to nonlinear absorption in the oligomers. The 
measured transmittance for three different oligofluorenes (T3, T4 and T6) were fitted using the 
relation41  
ܶሺݖሻ ൌ ଵଵା ಺బൈഁൈ೗భశ൬ ೥೥బ൰మ      (1) 
where T(z) is the normalized transmittance as a function of the sample position on z, I0 is the 
peak on-axis irradiance at the focus (3.62 W/m2ȕLVWKHWZR-photon absorption coefficient, l is 
the cuvette length of 1 mm) and z0 is the Rayleigh range (~3.5 mm). Then, we calculated the 
2PA cross section using the following equation  ߪଶ௉஺ ൌ ௛ൈఔൈఉேಲൈௗబൈଵ଴షయ     (2) 
+HUHKȞ LV WKHHQHUJ\RI WKHH[FLWDWLRQSKRWRQV1A LV$YDJDGUR¶VQXPEHUDQGG0 is the molar 
concentration of the solution (10 mM). The 2PA cross-sections in the T3, T4 and T6 molecules 
are calculated to be 915, 1628 and 2183 GM (10-50 cm4·s·photons-1). T6 exhibits the largest 2PA 
cross-section as compared to T4 and T3. The 2PA cross-section of T6 is comparable to that of 
blue-emitting conjugated polymers (up to 4000 GM) that are much larger in molecular weight.20 
Also, the 2PA cross-section increases nonlinearly as a function of the number of repeating 
fluorene units.39  
 
Figure 2. Open aperture z-scan measurement of the nonlinear absorption cross-section. 
Normalized transmittance of the Gaussian laser beam (800 nm, 120 fs and 1kHz repetition rate) 
through a 1 mm quartz cuvette containing 10 mM of T3, T4, T6 and only toluene, measured by 
the open aperture z-scan technique. 
 We studied the amplified spontaneous emission in these truxene-based oligofluorenes under 2PA 
pumping (800 nm, 120 fs, 1 kHz repetition rate). For this purpose, we spin-coated the star-
shaped oligofluorenes on pre-cleaned quartz substrates at 1200 rpm for 2 min from solutions 
having the same molarities (10 mM in toluene). The resulting film thicknesses were measured as 
~300-500 nm by Dektak profilometer. We used a 20 cm cylindrical lens to focus the laser beam 
on the sample with a stripe geometry (the area of ~ 0.11 cm2 measured by a beam profiler). The 
PL spectra of the samples were recorded from the edge of the sample via a fiber-coupled 
spectrometer at varying pump intensities (see Figure 3a for the experimental setup). At low 
pump intensities, the emission full-width at half-maximum (FWHM) was ~40-50 nm in these 
oligofluorene samples. As the pump intensity was increased above the ASE threshold, we 
observed a narrower emission that builds at the deep-blue region (~430-450 nm) of the spectrum 
as shown in Figure 3b-d for the case of T3, T4 and T6 molecules, respectively. The FWHM of 
the ASE can be as narrow as 5.8 nm, shown by the changing FWHM of the samples in the insets 
of Figures 3b-d. Therefore, 2PA pumped ASE is achieved in all these three oligomers.  
Figure 3e shows the pump intensity vs integrated emission intensity under 2PA pumping in these 
three oligomers. We can clearly see the threshold behavior of an amplified spontaneous 
emission. The lowest 2PA pumped ASE threshold (2.43 mJ/cm2) is achieved in the T6 
molecules. In the T4 and T3 molecules, the 2PA pumped ASE threshold is ~2.80 mJ/cm2 for 
both of the molecules. Owing to the enhanced 2PA cross-section in T6 molecules, they 
outperform both T3 and T4 oligomers. Also, the photoluminescence lifetime of the T6 molecules 
is faster in comparison to that of the T3 and T4 molecules in the solid-state films (see Figure S5). 
Furthermore, we have checked the 1PA ASE performance in the T6 molecules (see Figure S6). 
1PA pumped (400 nm, 120 fs, 1 kHz) ASE threshold is as low as 1.43 µJ/cm2. That is much 
smaller than the previously reported 1PA ASE thresholds in the T3 and T4 molecules8,42. Yet, 
the reduced threshold mainly arises from the use of femtosecond pump laser because previously 
only nanosecond pump lasers have been employed for the 1PA pumping of the star-shaped 
oligofluorenes. It is also worth noting that the position of the ASE peak under 2PA pumping is 
the same as the 1PA pumped case. This strongly suggests that there is neither degradation nor a 
heating effect due to 2PA pumping. 
The 2PA pumped ASE threshold of 2.43 mJ/cm2 obtained in the T6 molecules is ultra-low 
among other types of organic semiconductors. Previously, oligomer based organic crystals and 
dendrimers could achieve 3.5 and 4.9 mJ/cm2 thresholds, respectively.31,43 To date, only dye-
doped polymer based composite media were able to achieve lower 2PA pumped ASE thresholds 
(1-2 mJ/cm2) than our case, but they suffer from stability issues.44 Also, colloidal semiconductor 
nanocrystals, which are alternative competitive materials for 2PA pumped ASE owing to their 
giant 2PA cross sections (> 20,000 GM), could only offer ASE thresholds on the order of 4-10 
mJ/cm2 for an ASE in the visible spectral region.41,45±49 Therefore, star-shaped oligomers with 
their ultra-low 2PA pumped ASE threshold while being highly stable under 2PA pumping can 
serve in various applications as efficient nonlinearly pumped light-emitters. 
 Figure 3. 2PA pumped ASE in the star-shaped oligomers with different arm-length. (a) 
Schematic of the experimental setup for the measurement of the ASE in the spin-coated samples 
of the oligomers. Two-photon pumped emission and ASE spectra in (b) T3, (c) T4 and (d) T6 
molecules as a function of the increasing pump intensity. (b)-(d) The insets show the change of 
the FWHM emission as a function of the pump intensity. (e) Pump intensity vs integrated 
emission intensity in T3, T4 and T6 molecules under 2PA pumping clearly exhibiting a threshold 
behavior. 
The observed ultra-low threshold for 2PA pumped ASE in these star-shaped oligofluorenes 
proves that they are potential candidates as optical gain media in frequency up-converted lasers. 
To this end, we developed, for the first time, a frequency up-converted laser of the star-shaped 
T6 oligofluorene using a flexible polymeric distributed feedback (DFB) grating. The flexible 
DFB gratings were fabricated by copying from a master grating to 1,4-cyclohexyldimethanol 
divinyl ether (CHDV) polymer that is hardened under UV light.11 The resonance wavelength of 
this two-dimensional grating LV FDOFXODWHG XVLQJ ȜBragg = 2 neff //m, where neff is the effective 
refractive index of the laser gain medium, / is the period of the two-dimensional grating and m 
is the Bragg order. Here, we chose the period of the grating to be 266 nm, which matches the 
resonance wavelength in the 420-460 nm range when m is equal to 2. Therefore, the emission of 
the laser is perpendicular to the plane of the grating structure (see Figure 4a).  
On top of the flexible DFB structure, we spin-coated T6 molecules (30 mg/mL) giving a 
thickness of ~500 ± 20 nm. The effective refractive index of the laser medium was found to be 
~1.65 and the refractive index of the star-shaped oligofluorenes was previously measured to be 
~1.77.6,8 The lasing action was first investigated under 1PA pumping. Here, we employed a 
spherical lens (20 cm) to focus the pump beam (400 nm, 120 fs, 1kHz) on the sample with an 
area of 0.006 cm2. The emission spectra from the sample at increasing pump intensities are 
shown in Figure 4b. The laser has a peak emission at 441 nm with a FWHM less than 1.5 nm 
limited by the resolution of our spectrometer (Maya 2000). The threshold behavior is 
demonstrated in the pump intensity vs. integrated emission intensity measurement as shown in 
the inset of Figure 4b. The 1PA pumped threshold of the T6 based DFB laser is 600 nJ/cm2, 
which is ultra-low in the organic semiconductors. The achieved 1PA pumped lasing threshold  is 
better than that of the other type of oligomers (~1 µJ/cm2)50 and starburst macromolecular 
organic semiconductors (~3 µJ/cm2).9 Also, our 1PA pumped laser threshold is comparable to 
that (300 nJ/cm2) of the pyrene-cored oligomer based lasers.51 Previously, 1PA pumped lasing 
was studied in both star-shaped T3 and T4 oligofluorenes8,11 but the lasing thresholds were 
reported to be relatively large (~2.7 µJ/cm2). This was due to use of nanosecond pump lasers.  
Next, we demonstrated frequency up-converted lasing in the star-shaped oligomers using the 
same DFB sample, where the T6 molecules were deposited on top of the 2D grating. The 2PA 
pumping conditions were the same as those described in the 2PA pumped ASE experiments, 
except that this time the pump beam (800 nm, 120 fs, 1 kHz) was focused by a spherical lens (f = 
20 cm) to an area of 0.022 cm2. Figure 4c shows the emission spectra of the frequency up-
converted DFB laser as the two-photon pump intensity is gradually increased. The emission peak 
of the laser was 441 nm, the same as in 1PA pumping case. The FWHM of the lasing peak is 1.6 
nm. The inset in Figure 4c reveals the pump intensity vs integrated emission intensity, where the 
2PA pumped lasing threshold is found to be as low as 3.1 mJ/cm2. The lasing threshold is 
slightly larger than the threshold (2.43 mJ/cm2) of the 2PA pumped ASE. This is attributed to the 
fact that the flexible grating material was also absorbing 800 nm femtosecond pulses at intensity 
levels close to the lasing threshold; thus, the flexible polymeric material of the grating was 
starting to degrade during the laser operation. We did not observe this in 2PA pumped ASE 
experiments, since we employed quartz substrates in those cases. The stability of the frequency 
up-converted laser was found to be limited by ~1-2·104 pulses. Yet, the stability of this 
frequency up-converted laser could be substantially increased by using other substrates for the 
grating such as quartz. Also, we performed all of the lasing experiments under ambient air and 
did not use any protecting layers to block oxygen or moisture as previous works did.20,21,31 Figure 
4d shows a photograph of the strong output beam from our frequency up-converted laser, 
exhibiting a fan-shaped11 laser beam on a screen together with the residual pump beam. 
Nevertheless, the achieved frequency up-converter laser threshold (3.1 mJ/cm2) is ultra-low in 
the literature of organic semiconductors. To date, there have been several reports that reported 
thresholds at least an order of magnitude higher than ours including frequency up-converted 
lasers based on conjugated PFO (42 mJ/cm2)21 and MeLPPP (>200 mJ/cm2) polymers.20 
Recently, Fang et al. reported a threshold of 150 µJ/cm2 using small organic molecules, where 
this threshold is calculated specifically based on the absorbed energy (generally 3% of the total 
incident energy)21 by the active gain medium.32 Therefore, their 2PA pumped laser threshold 
would be expected to be 4-5 mJ/cm2. To the best of our knowledge, our achievement of 3.1 
mJ/cm2 threshold for frequency up-converted organic semiconductor laser is the lowest with 
similar experimental conditions (i.e., pulse duration, repetition rate, excitation geometry and spot 
size) as compared to the previous reports (see Table S1). Furthermore, the laser output is highly 
polarized due to the 1D DFB structure.52±54 
 Figure 4. 1PA and 2PA pumped laser of the T6 molecules. (a) Schematic of the experimental 
setup for the characterization of the frequency up-converted laser of the T6 oligomer. Flexible 
DFB laser of T6 oligomer under (b) 1PA pumping and (c) 2PA pumping. (b)-(c) The insets show 
the pump intensity vs integrated emission intensity from the laser exhibiting the lasing 
thresholds. (d) Photograph of the frequency up-converted laser of T6 showing the fan-shaped 
laser beam on the screen.  
 
Conclusions 
In conclusion, we synthesized the star-shaped oligofluorene T6 molecules having for the first 
time six fluorene repeating units in each arm of the molecule to simultaneously achieve a large 
2PA cross-section, large oscillator strength and high PL quantum yield. The resulting T6 
ROLJRIOXRUHQHV H[KLELW VXEVWDQWLDOO\ HQKDQFHG QRQOLQHDU DEVRUSWLRQ RZLQJ WR WKH HORQJDWHG ʌ-
conjugation and radial structure in the molecule. The two-photon absorption pumped ASE 
performance of the T6 oligomers exhibited lower threshold  as compared to that of the T3 and T4 
molecules having three and four fluorene units in each arm of the oligomer. The T6 oligomers 
achieve the best 2PA pumped ASE threshold (~2.43 mJ/cm2) in the organic semiconductors. 
Also, we show here the first frequency up-converted laser using star-shaped oligofluorenes 
exhibiting a surpassing performance better than those of all other conjugated polymers. 
Therefore, these achievements suggest that star-shaped oligomers are the most promising 
candidates for nonlinearly pumped light-emitting materials. Their frequency up-converted lasers 
in the deep-blue region pumped by relatively low intensity NIR lasers make them highly 
attractive for many applications such as photodynamic therapy and bio-sensing.  
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Graphical abstract 
Frequency up-converted laser using star-shaped oligomers based on truxene-core is demonstrated 
with an ultra-low threshold of 3.1 mJ/cm2. 
 
 
 
